Background: STIM calcium sensors are key modulators of store-operated channels (SOCs). Results: Changes in the ratio of active STIM2/STIM1 switch I min channel regulation between store-operated and store-independent modes. Conclusion: Endogenous SOCs are differently regulated by STIM1 and STIM2. Significance: Cross-talk between STIM1 and STIM2 and their different roles in channel activation are indicative of an additional level of SOC regulation.
The endoplasmic reticulum calcium sensors stromal interaction molecules 1 and 2 (STIM1 and STIM2) are key modulators of store-operated calcium entry. Both these sensors play a major role in physiological functions in normal tissue and in pathology, but available data on native STIM2-regulated plasma membrane channels are scarce. Only a few studies have recorded STIM2-induced CRAC (calcium release-activated calcium) currents. On the other hand, many cell types display store-operated currents different from CRAC. The STIM1 protein regulates not only CRAC but also transient receptor potential canonical (TRPC) channels, but it has remained unclear whether STIM2 is capable of regulating store-operated non-CRAC channels. Here we present for the first time experimental evidence for the existence of endogenous non-CRAC STIM2-regulated channels. As shown in single-channel patch clamp experiments on HEK293 cells, selective activation of native STIM2 proteins or STIM2 overexpression results in store-operated activation of I min channels, whereas STIM1 activation blocks this process. Changes in the ratio between active STIM2 and STIM1 proteins can switch the regulation of I min channels between store-operated and store-independent modes. We have previously characterized electrophysiological properties of different Ca 2؉ influx channels coexisting in HEK293 cells. The results of this study show that STIM1 and STIM2 differ in the ability to activate these store-operated channels; I min channels are regulated by STIM2, TRPC3-containing I NS channels are induced by STIM1, and TRPC1-composed I max channels are activated by both STIM1 and STIM2. These new data about cross-talk between STIM1 and STIM2 and their different roles in store-operated channel activation are indicative of an additional level in the regulation of store-operated calcium entry pathways.
Calcium is an intracellular messenger that regulates a broad spectrum of processes within the cell (1) . Cells can rapidly increase cytosolic calcium in two ways: by calcium release from intracellular stores or due to calcium influx from extracellular space (2) . These two pathways are tightly coupled in nonexcitable cells. Depletion of intracellular calcium stores leads to activation of plasma membrane store-operated calcium channels via their interaction with calcium sensor proteins named stromal interaction molecules (STIMs) 3 (3, 4) .
STIMs are single-pass transmembrane proteins containing an N-terminal EF-hand domain responsible for calcium store sensing (5) . The cytosolic C-terminal fragment contains several signal and interaction domains, including that responsible for activation of CRAC (calcium release-activated calcium) channels (6 -10) . Mammals have two STIM homologs, STIM1 and STIM2 (11) , which differ in their properties. When compared with STIM1, STIM2 has lower affinity to calcium and therefore is more sensitive to minor changes in the calcium store (12, 13) , shows lower cooperativity in redistribution to puncta, and has higher affinity to plasma membrane phosphatidylinositol 4,5bisphosphate (PIP 2 ) and phosphatidylinositol 1,4,5-trisphosphate (PIP 3 ) (14) . Therefore, the physiological functions of STIM proteins are also different. STIM1 is the main activator of store-operated calcium entry, whereas STIM2 controls the basal calcium concentration and is responsible for prolonged calcium entry and response to low concentrations of calcium agonists (12, 15) . STIM1 and STIM2 regulate different modes of intracellular calcium oscillations (16 -18) . STIM2 participates in the regulation of calcium signaling in different cell types such as B and T lymphocytes, dendrite cells, muscle cells, etc. (15, 19 -22) . Disruption of STIM2-mediated signaling contributes to a broad spectrum of diseases, including immune and autoimmune disorders, cancer, ischemia, and neurodegeneration (15, (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) . * This study was supported by the Russian Scientific Foundation, Project 14-14-00720 (to E. K. and A. S.); the program "Molecular and Cellular Biology" of the Russian Academy of Sciences (to G. N. M. and L. G.); the Scientific School Support Program, Project SS-1721.2014.4 (to G. N. M.); the Dynasty Foundation; and the Russian Foundation for Basic Research. 1 To whom correspondence may be addressed. Tel.: 7-812-297-1497; Fax: 7-812-297-0341; E-mail: a_shalygin@mail.ru. 2 To whom correspondence may be addressed. Tel.: 7-812-297-1497; Fax:
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CRAC channels are the first described and best studied storeoperated channels (33) . However, it is only in a few cell types (mainly in the immune system) that store-operated calcium currents are mediated by CRAC channels alone. Most other cells contain store-operated calcium channels of different types (2, 34 -37) , and CRAC channels may even be absent (38) . For example, we have revealed four different store-operated channel types in the A431 cell line (39, 40) .
It has been shown that STIM1 can activate not only Oraimediated CRAC channels but also canonical transient receptor potential (TRPC) channels (35, 36, (41) (42) (43) (44) (45) (46) (47) and other calcium channel types (48, 49) . The CRAC-activating domain of STIM1 is necessary for the interaction with TRPC, whereas its C-terminal cationic lysine-rich region is necessary for TRPC activation (50 -53) . This TRPC-STIM1 cooperation plays a role in physiological functions such as fluid secretion in salivary glands (54) , postnatal differentiation of human myoblasts (36) , and disruption of the endothelial barrier (35) . STIM2 protein has been less studied than STIM1. The exact mechanisms of molecular interactions between the STIM2 cytosolic terminal and Orai or TRPC channels remain unclear. It has been shown that STIM2 can activate overexpressed Orai1, -2, and -3 (12, 55) or native Orai1 and -2 channels (17, 18, 20) , but it is still unknown whether STIM2 contributes to activation of other non-CRAC store-operated channels, although this question is highly relevant for research in cell physiology, pathophysiology, and disease treatment.
In this study, STIM2-operated channels were analyzed by the single-channel patch clamp technique. To discriminate between STIM1-and STIM2-operated channels, we used a combined knockdown/overexpression strategy and partial depletion of calcium stores for selective activation of STIM2. The electrophysiological properties of STIM2-regulated store-operated channels were characterized, which proved to differ from those of CRAC channels. It was also shown that the ratio between active STIM2 and STIM1 proteins could switch the regulation of I min channels between store-operated and store-independent modes and that STIM1 and STIM2 proteins differ in the ability to activate various types of store-operated channels.
EXPERIMENTAL PROCEDURES
Cell Culture and Transfection-HEK293 cells (Cell Culture Collection, Institute of Cytology, Russian Academy of Sciences, St. Petersburg, Russia) were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 100 units/ml penicillin, 100 g/ml streptomycin, and 2 mM glutamine. The cultures were grown in an incubator at 37°C in a humidified 5% CO 2 atmosphere. For patch clamp and Ca 2ϩ imaging experiments, the cells were plated on coverslips and cultured for 1-3 days before use. In transfection experiments, the cells were harvested by trypsinization, plated in 35-mm tissue culture dishes, and grown for 20 -24 h prior to transfection with the Lipofectamine reagent. For STIM knockdown, the cells were transiently cotransfected with a mixture of STIM shRNA plasmid (STIM1 shRNA sequence CTGAGCAGAGTCT-GCATGACCTTCAGGAA from OriGene and STIM2 shRNA sequence CCGGGCTCAATTTCAGACACTCATTCTCGAG-AATGAGTGTCTGAAATTGAGCTTTTTTG from Sigma) and GFP plasmid at a 3:1 molar ratio. In control experiments, nonspecific (luciferase-targeted) siRNA plasmid and GFP plasmid were used for cotransfection. Recordings were made 48 -72 h after transfection. For STIM1 overexpression, the cells were transiently cotransfected with a mixture of human STIM1 and GFP plasmid at a 3:1 molar ratio. For STIM2 overexpression, the cells were transiently transfected with STIM2-YFP constructs in pcDNA3 expression vector. In control experiments GFP plasmid was used for transfection. After transfection, the cells were cultured on coverslips for 9 -18 h, and GFP-positive (or YFP-positive) cells were selected for measurements.
Western Blotting-HEK293 cells grown in 5-cm dishes under the conditions described above were lysed in assay buffer (10 mM Tris-HCl, pH 7.5, with 150 mM NaCl, 1% Triton X-100, 1% Nonidet P-40, 2 mM EDTA, 0.2 mM phenylmethylsulfonyl fluoride, and protease inhibitor mixture), and the total protein extract (30 -50 g) was resolved by 8% SDS-PAGE (in mini gels). The proteins were transferred onto Immobilon P membrane (Millipore Inc.); treated with monoclonal antibody to STIM1 (BD Biosciences, 1:250), polyclonal antibodies to STIM2 (Alomone Labs, 1:200), or monoclonal antibody to ␣-tubulin (Sigma, 1:5000) and then with appropriate secondary antibody (Sigma); and developed with SuperSignal chemiluminescent substrate (Pierce). Anti-␣-tubulin antibody was used to test for equal protein loading. Western blotting was repeated at least three times using independent cell lysates.
Ca 2ϩ Imaging-HEK293 cells grown on glass coverslips were loaded with 5 M Fura-2AM in the presence of 0.025% Pluronic for 40 min at room temperature and then illuminated by alternating 340-and 380-nm excitation light at 2 Hz. Emission fluorescence intensity was measured at 510 nm with an InCyt Basic I/P dual wavelength fluorescence imaging system (Intracellular Imaging Inc., Cincinnati, OH). The change in cytosolic Ca 2ϩ concentration was estimated from the ratio of emission fluorescence intensities at 340-and 380-nm excitation wavelengths (the 340/380 ratio).
Electrophysiological Experiments-were performed at room temperature (22-24°C) using an Axopatch 200B patch clamp amplifier (Axon Instruments) and PClamp software (Axon Instruments) for data acquisition and off-line data analysis.
Whole-cell Recordings-were made with 3-5 megaohms of fire-polished glass microelectrodes. The pipette solution contained (in mM): 145 NMDG aspartate, 10 Cs-EGTA (or 12 Cs-BAPTA), 10 Cs-HEPES (pH 7.3), 1.5 MgCl 2 , and 4.5 CaCl 2 (pCa 7.0). Extracellular solution contained (in mM): 140 NMDG aspartate, 10 BaCl 2 , and 10 Cs-HEPES, pH 7.3. During recording, the currents were sampled at 5 kHz and filtered digitally at 500 Hz. The holding potential was Ϫ40 mV in all whole-cell experiments. Once every 5 s, the holding potential was shifted to Ϫ100 mV for 30 ms and a 170-ms voltage ramp to ϩ70 mV was applied. The traces recorded before current activation were used as a template for leak subtraction. Whole-cell currents were normalized relative to the cell capacitance. Its mean value was 19 Ϯ 4 picofarads (n ϭ 15).
Single-channel Recordings-were made with 8 -15 megaohms of SYLGARD-coated, fire-polished glass microelectrodes. The pipette solution contained 105 mM BaCl 2 and 10 mM Tris-HCl (pH 7.3). In cell-attached experiments, the bath (control) solution contained (in mM): 140 KCl, 5 NaCl, 10 K-HEPES (pH 7.4), 1 MgCl 2 , and 2 CaCl 2 to nullify the resting membrane potential. The thapsigargin (Tg) and UTP were applied by bath perfusion. The time required for complete solution exchange around the patch pipette was less than 1 s. The recordings were digitized at 5 kHz and filtered at 80 -150 Hz for analysis and presentation. The amplitudes of single-channel currents were determined from the current traces and all-point amplitude histograms. The channel open probabilities (NP o ) were determined by the following equation: NP o ϭ (I)/i, where (I) is the mean channel current and i is the unitary current amplitude. The (I) was estimated from the time integrals of the currents above the baseline, and i was determined from the current traces and all-point amplitude histograms. The data were collected after channel activity reached steady state at Ϫ70 mV holding potential. Chemicals-HEPES, EGTA, NMDG, and Tg were from Sigma-Aldrich; UTP was from Calbiochem; and Fura-2AM and Pluronic were from Molecular Probes.
RESULTS
The I min Channels Are Store-operated in HEK293 Cell Line with STIM1 Knockdown-To evaluate the role of STIM2 calcium sensor in activating native store-operated channels, we used the HEK293 cell line. Electrophysiological properties of calcium channels in this cell line have been studied in detail, which makes it a good model for analyzing mechanisms of storeoperated channel activation (56, 57) . HEK293 cells express endogenous STIM1 and STIM2 proteins (11, 12, 58) , as was confirmed in our Western blot experiments ( Fig. 1A) . To separate STIM2-regulated channels from STIM1-operated channels, STIM1 knockdown was performed by transient transfection of HEK293 cells with specific siRNA, and the results were verified by Western blotting, which also detected no effect on the STIM2 protein level (Figs. 1B and 3A).
The involvement of STIM1 in the store-operated calcium influx was initially evaluated using the Ca 2ϩ imaging method based on Fura-2 fluorescence. HEK293 cells transfected with anti-STIM1 or nonspecific (control) siRNA were incubated in Ca 2ϩ -free medium containing 1 M sarcoendoplasmic reticulum Ca 2ϩ -ATPase (SERCA) pump inhibitor Tg to cause complete depletion of intracellular Ca 2ϩ stores. Thereafter, the medium was supplemented with 2.5 mM Ca 2ϩ , and its influx via plasma membrane channels was monitored (Fig. 1C ). The results showed that STIM1 knockdown resulted in reduction of Tg-stimulated Ca 2ϩ influx to 60% of that in cells treated with control siRNA but had no effect on calcium release.
Experiments on measuring whole-cell currents at Ϫ80 mV holding potential showed that store-operated calcium entry stimulated by 1 M Tg in STIM1 knockdown cells was only about 50% of that in cells transfected with control siRNA (Fig.  1D ). These results are consistent with the concept that STIM1 is the main activator of store-operated calcium current (3, 4) .
We then used single-channel analysis to evaluate the effects of STIM1 suppression on different types of calcium-and cation-selective channels expressed in HEK239 cells. In our previous studies, recordings in the cell-attached mode have shown that HEK293 cells contain three types of calcium channels, I max , I NS , and I min , differing in protein composition, conductance, selectivity to divalent ions, open time, and number per cell (56, 57) .
Store-operated I max channels composed of TRPC1 proteins have medium selectivity and conductance of about 17 pS (57). Their activation was induced by calcium store depletion with 1 M Tg. The occurrence of I max channels in HEK293 cells decreased after STIM1 knockdown; they were detected in 3 out of 26 patches, when compared with 7 out of 22 patches in control cells (Fig. 2, A, B , and F; Table 1 ). The time lag of I max activation after store depletion in STIM1 knockdown cells was prolonged to more than 90 s, whereas I max channels in control cells were activated within less than 60 s after adding Tg.
Store-operated TRPC3-containing I NS channels are nonselective channels with a conductance of 5 pS (39, 56) . No Tg-FIGURE 1. Suppression of STIM1 expression reduces store-operated calcium entry in HEK293 cells. A, endogenous expression of STIM1 and STIM2 proteins in HEK293 cells as analyzed by Western blotting (WB) with monoclonal antibodies to STIM1 and polyclonal antibodies to STIM2. B, Western blot analysis of HEK293 cells transiently transfected with nonspecific siRNA (Control) or siRNA against human STIM1 (STIM1 siRNA) using monoclonal antibodies to STIM1, polyclonal antibodies to STIM2, and ␣-tubulin (loading and specificity control). The results representative of at least three independent experiments are shown. C, calcium entry evoked by store depletion in STIM1 siRNA-transfected cells (gray line) was significantly reduced, when compared with the control (black line). Cytosolic Ca 2ϩ levels in HEK293 cells transfected with STIM1 siRNA or control siRNA were monitored by ratiometric Fura-2 imaging. Calcium stores were depleted by incubation in Ca 2ϩ -free medium containing 0.2 mM EGTA and 1 M Tg. Horizontal lines on the top indicate the time of treatment with 1 M Tg and extracellular 2.5 mM Ca 2ϩ . Each trace represents an average of 14 -15 experiments (mean Ϯ S.E.), with calcium response from 10 -20 cells recorded in each experiment. D, whole-cell recordings of store-operated currents in HEK293 cells transfected with STIM1 siRNA or control siRNA. Average current-voltage relationships for whole-cell currents evoked by passive depletion of calcium stores with 1 M Tg in HEK293 cells transfected with STIM1 siRNA (gray line, n ϭ 6) and control siRNA (black line, n ϭ 9) are shown. The current-voltage relationships were measured when the currents reached a maximum. pF, picofarads. FEBRUARY 20, 2015 • VOLUME 290 • NUMBER 8
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induced I NS channel activity was revealed in STIM1 knockdown cells (n ϭ 26). In control HEK293 cells, their activation after Tg application was observed in 14% of experiments (n ϭ 22) ( Fig. 2 , A, C, and F; Table 1 ), in agreement with our previous data on the properties of I NS channels in untreated HEK293 cells (56) .
I min channels, the third calcium channel type in HEK293 cells, have a single-channel conductance of 1.2 pS, show high selectivity to divalent cations (P Ba/K ϭ 20), and are activated by extracellular UTP or intracellular IP 3 , but not by Tg (56) . Regardless of store depletion by UTP, intracellular IP 3 at an increasing concentration is capable of activating I min channels through conformational coupling with the IP 3 receptor (IP 3 R) (59, 60) . It is noteworthy that I min channels in the A431 cell line display the basic properties of store-operated channels, such as activation upon calcium store depletion with Tg, BAPTA-AM, or N,N,NЈ,NЉ-tetrakis-(2-pyridylmethyl) ethylenediamine (TPEN) (61-63) and inhibition by store-operated entry blocker SKF95365 (59) 2E and 3 , B and C) but had no significant effect on I min activity in STIM1 knockdown cells, indicating that most of the I min channels in the patch were already activated by Tg ( Figs. 2D and 3, B and C) .
Thus, STIM1 knockdown resulted in a decreased level of activation of store-operated I NS and I max channels in response to Tg treatment; moreover, previously Tg-independent I min channels became sensitive to calcium store depletion with 1 M Tg in STIM1 knockdown cells (Fig. 2) . These results indicate that I NS and I max channels are probably STIM1-regulated, whereas I min channels are not activated by STIM1 and appear to be regulated by another calcium sensor, namely, the STIM2 protein.
Store-operated Activity of I min Channels Is Increased in STIM2-overexpressing HEK293 Cells-To test whether I min channels are regulated by STIM2 proteins, we performed a series of experiments on STIM2 overexpression in HEK293 cells, using GFP-expressing cells as a control. As shown previously, STIM2 overexpression for more than 24 h could lead to inhibition of store-operated calcium entry (12, 58) , with this inhibition being due to a certain cellular compensatory mechanism that does not manifest itself during the first 9 h (12). Therefore, the results of experiments were evaluated 9 h after transfection. STIM2 overexpression at this time point was confirmed by Western blot analysis, which also detected no effect on the STIM1 protein level (Figs. 3A and 4A) . Intracellular calcium imaging with Fura-2 showed that Tg-induced calcium entry was slightly enhanced in STIM2-overexpressing cells, when compared with the control cells (Fig. 4B) . The amplitude of whole-cell currents at Ϫ80 mV proved to be ϳ20% higher in cells overexpressing Stim2 proteins than in control cells. The reversal potential of the whole-cell current-voltage relationship shifted to the positive potentials, indicating an increase in the activity of some store-operated channels selective to divalent ions (Fig. 4C ). In 14 out of 20 single-channel experiments, 1 M Tg proved to activate I min channels in STIM2-overexpressing (Figs. 3, B and C, and 5A) . In contrast, I min channels in control cells did not respond to Tg (n ϭ 0/10) but were activated upon subsequent application of UTP (n ϭ 5/9) with NP o max 30 increased from 0.14 Ϯ 0.03 (n ϭ 8) to 0.60 Ϯ 0.16 (n ϭ 5) (Figs. 3, B and C, and 5B) .
Recordings in the cell-attached configuration showed that the induced activity of I min channels was dependent on their activity in the control recording solution. To compare results between experiments, we calculated the ratio of channel open probability (NP o ) after Tg or UTP treatment to that before treatment (⌬NP o ϭ NP oafter /NP obefore ), which reflected the amount of increase in the activity of I min channels. Thus, it was found that the addition of 1 M Tg to STIM2-overexpressing cells resulted in a 5.2-fold increase in I min channel activity. A similar behavior of I min channels in response to UTP treatment was observed in control cells, with their activity increasing 5.7fold. This is evidence that all I min channels that could be activated by agonist application in control cells were activated by store depletion with Tg in STIM2-overexpressing cells.
To further evaluate the role of STIM proteins in I min activation, we performed experiments on cells with STIM2 knockdown or STIM1 overexpression ( Figs. 3 and 6 ). Protein levels of STIM proteins were verified by Western blot (Figs. 3A and 6, C and F). Calcium imaging experiments demonstrated that Tginduced calcium entry was down-regulated in cells with STIM2 knockdown and up-regulated in cells with STIM1 overexpression (Fig. 6, A and D) . Similar results were obtained in wholecell experiments, whereas STIM2 knockdown changed the shape of current-voltage relationships of whole-cell currents (Fig. 6, B and E) . In single-channel experiments, we observed that in either case, I min channels were not activated by calcium store depletion with 1 M Tg, but subsequent addition of extracellular 100 M UTP resulted in activation of these channels with NP o max 30 up to 0.59 Ϯ 0.13 (Figs. 3, B and C, and 6, G and  H) . On the whole, these data suggest that I min channels can be regulated by STIM2 proteins upon calcium store depletion.
Partial Calcium Store Depletion Activates I min Channels in HEK293 Cells-The results described above were obtained in cells with STIM1 or STIM2 knockdown or overexpression. The next question was as to whether I min channels could be regulated by STIM2 in native cells, without any manipulation with the STIM protein level. To answer this question, we made use of the difference in affinity to calcium between the STIM1 and STIM2 proteins (12, 13) . STIM2 can be specifically activated by partial calcium store depletion, e.g. with low Tg concentrations (15, 17, 18) , whereas STIM1 requires stronger depletion for its activation.
Calcium imaging experiments showed that 10 nM Tg induced only partial depletion of intracellular calcium store because an additional amount of calcium was released after subsequent treatment with 1 M Tg (Fig. 7A) . After extracellular application of 10 nM Tg (aimed at selective STIM2 activation), moderate activity of I min channels was recorded in 54% of cell-attached patches (n ϭ 7/13) (Figs. 7B and 8A), indicating that I min channels could be regulated by endogenous STIM2 in native cells.
In the next experimental series, selective STIM2 activation by partial store depletion was performed in STIM2-overexpressing cells. After adding 10 nM Tg, strong activation of I min channels in these cells was observed in 63% of experiments (n ϭ 15/24). On average, NP o max 30 was increased from 0.1 Ϯ 0.03 (n ϭ 10) to 0.93 Ϯ 0.30 (n ϭ 13) after 10 nM Tg treatment and was not changed significantly after subsequent treatment with Regulation of I NS and I max Channels by STIM Proteins-Although I NS and I max channels were found to be regulated by STIM1 protein (Fig. 2F) , we were interested in evaluating the role of endogenous STIM2 protein in their activation. Partial calcium store depletion with 10 nM Tg failed to induce any I NS channel activity (n ϭ 33) (Table 1) . Moreover, no activation of these channels was observed even after subsequent treatment with 100 M UTP. Therefore, it appears that I NS channels are activated by STIM1, but not by STIM2.
Endogenous Store-operated Channel Regulated by STIM2 Protein
Application of 10 nM Tg to the cell-attached patch induced a moderate activity of I max channel in only 16% of experiments (n ϭ 3/19), with this proportion increasing to 31% in experiments with 1 M Tg (Fig. 2, B and F; Table 1 ). In most experiments with partial calcium store depletion, the activity of I max channels was induced with a delay of more than 3 min. We consider that both STIM1 and STIM2 proteins participate in I max regulation, but STIM2 is a less potent activator.
DISCUSSION
I min Channels Are STIM2-regulated Store-operated Channels-
The results of this study show that endogenous I min channels in HEK293 cells are regulated by STIM2 calcium sensors. In particular, this conclusion is based on the following facts. First, I min channel activity in cell-attached patches was induced upon selective activation of endogenous STIM2 by partial calcium store depletion ( Figs. 7B and 8A) . Second, the overexpression of exogenous STIM2 (but not STIM1) resulted in an increased activity of I min channels (Figs. 3, B and C, 5, and 6H) . Moreover, these channels were found to be store-operated in STIM1 knockdown cells (Figs. 2, D and E, and 3, B and C) . These data are not consistent with the accepted view that all store-operated channels are activated by STIM1. It is noteworthy, however, that STIM1 knockdown in our experiments led to a decrease in store-operated whole-cell currents (Fig. 1) . This decrease may be explained by reduction of I max and I NS channel activity, with up-regulation of I min channels being insufficient to rescue the current because of low conductance of these channels (Fig. 2, A and F) .
Electrophysiological characteristics of I min channels are described in our previous publications (39, 40, 56, 57, 59 -64) . These channels are similar to CRAC channels in properties such as high selectivity to divalent cations, low conductance, activation by calcium store depletion or increase in intracellular IP 3 , and inhibition by SKF95365 or Gd 3ϩ . As shown in several laboratories, CRAC channels are regulated by STIM1 or STIM2 proteins (17, 55) . In contrast, I min channels cannot be activated by STIM1 proteins alone, with STIM2 being necessary for their activation upon calcium store depletion. Thus, we have obtained the first evidence for the existence of endogenous STIM2-regulated non-CRAC store-operated channels.
Store Sensitivity of I min Channels Depends on STIM2/STIM1 Ratio-Both STIM1 and STIM2 calcium sensors are essential for store-operated calcium entry (15) and can interact with each other in the cell (11) . However, available data on the combined action of STIM1 and STIM2 in regulating store-operated calcium entry are scarce and controversial.
The first evidence for the role of cross-talk between STIM1 and STIM2 in activating store-operated calcium entry was obtained by Soboloff et al. (58) , who found that the overexpression of exogenous STIM2 resulted in the inhibition of STIM1induced store-operated calcium entry in HEK293, PC12, A7r5, and Jurkat T cells (58) . Similar store-operated entry inhibition was obtained in experiments with intestinal epithelial cells (65) , where the authors showed that changes in the level of polyamines altered the ratio of endogenous STIM1 to STIM2. Polyamine depletion enhanced the expression of endogenous STIM2, with consequent decrease in TRPC1-mediated storeoperated calcium entry activated by STIM1 (65) .
In contrast, data reported by other research groups are indicative of independent or synergistic action of STIM2 and STIM1 proteins (12, 15, 21) . Thus, it has been shown that STIM2 overexpression results in activation of Orai1 channels in HeLa cells (12) and of overexpressed Orai1, -2, and -3 channels in HEK293 cells (55) . Endogenous STIM2 proteins activate native Orai2 channels in dendritic cells (20) and also participate in calcium entry through native CRAC channels and in calcium oscillations in rat basophilic leukemia and HEK293 cells (17, 18) . The M Tg in HEK293 cells transfected with STIM2 siRNA (gray line, n ϭ 13) and control siRNA (black line, n ϭ 10). The current-voltage relationships were measured when the currents reached a maximum. pF, picofarads. C, Western blot (WB) analysis of HEK293 cells transiently transfected with nonspecific siRNA (Control) or siRNA against human STIM2 (STIM2 siRNA) using polyclonal antibodies to STIM2, monoclonal antibodies to STIM1, and monoclonal antibodies to ␣-tubulin (loading and specificity control). The results representative of at least three independent experiments are shown. D, The same as in A for cells transfected with STIM1-encoding plasmid (STIM1). Calcium entry evoked by store depletion with 1 M Tg in STIM1-transfected cells (gray line, 29 cells) and in control cells (black line, 33 cells) is shown. Cytosolic Ca 2ϩ levels were monitored by ratiometric Fura-2 imaging. E, average current-voltage relationships of whole-cell currents evoked by passive depletion of calcium stores with 1 M Tg in STIM1-transfected cells (gray line, n ϭ 8) and control (black line, n ϭ 6). The current-voltage relationships were measured when the currents reached a maximum. F, control cells and cells transiently transfected with STIM1-encoding plasmid (STIM1) were analyzed by Western blotting using monoclonal antibodies to STIM1, polyclonal antibodies to STIM2, and monoclonal antibodies to ␣-tubulin (loading and specificity control). G, in HEK293 cells transiently transfected with siRNA against human STIM2, bath application of 1 M Tg did not induce I min activity, whereas subsequent addition of 100 M UTP activated I min in the same patch. I min currents are shown on compressed (top) and expanded (bottom) time scales. The holding potential was Ϫ70 mV. H, the same as in G for STIM1-overexpressing HEK293 cells. FEBRUARY 20, 2015 • VOLUME 290 • NUMBER 8 expression of STIM2 has been proven to restore calcium entry in STIM1 knock-out mouse embryonic fibroblast cells (15) .
Endogenous Store-operated Channel Regulated by STIM2 Protein
An explanation for the inhibitory effect of STIM2 revealed by the Gill group (58) was provided by Brandman et al. (12) . They demonstrated that STIM2 overexpression for 9 h enhanced store-operated calcium entry, but prolonged STIM2 overexpression (for 24 h) resulted in its inhibition, with the inhibitory effect being more distinct at a high level of STIM2. This is evidence for the existence of a slow-acting adaptive mechanism that down-regulates store-operated Ca 2ϩ influx upon prolonged supramaximal STIM2 signaling (12) .
Our data suggest that the sensitivity of I min channels to calcium store depletion depends on the ratio between active STIM2 and STIM1 proteins. Activation of these channels in response to store depletion was observed in cells where the STIM2/STIM1 ratio shifted to the left as a result of STIM1 knockdown, STIM2 overexpression, or selective STIM2 activation by 10 nM Tg (Figs. 2, D-F, 3, 5, and 8A) . A combination of these approaches evoked more robust I min activation (Fig. 8) . In contrast, calcium store depletion with 1 M Tg failed to activate I min channels in cells where the STIM2/STIM1 ratio was shifted to the right due to STIM2 knockdown or STIM1 overexpression ( Figs. 3 and 6, G and H) . In other words, changes in the relative amount of active STIM2 can switch the regulation of I min channels between store-independent and store-operated modes.
The results of this study indicate that STIM1 activation blocks store-operated regulation of I min , (12, 58, 65) . In fact, calcium store depletion by 1 M Tg combined with strong endogenous STIM1 activation (4, 12, 18) prevents I min activa-tion ( Fig. 2E) , whereas partial store depletion by 10 nM Tg and endogenous STIM2 activation (12, 15, 18) evoke I min activation in native HEK293 cells (Fig. 8A) . Therefore, STIM1 inhibitory effect is not associated with the long-term compensatory mechanism revealed in previous studies (12, 58) . Similar results have recently been obtained in experiments with neurons; it has been shown that strong calcium store depletion with 2 M Tg prevents the interaction between Orai1 and STIM2, whereas gradual reduction of intracellular calcium concentration by EGTA or BAPTA treatment promotes Orai1 interaction with STIM2 (66) . Our data provide evidence that STIM1-STIM2 association or competition may be an additional mechanism modulating and regulating store-operated calcium entry (13, 58) .
Different Store-operated Channel Types Are Differently Regulated by STIM1 and STIM2 Proteins-We have previously found that different calcium channels types coexist in A431 and HEK293 cells (39, 56) . The results of this study show that these channels are differently regulated by STIM proteins (Fig. 3 ; Table 1 ).
According to single-channel patch clamp experiments, store-operated I min channels in HEK293 cells are activated by STIM2 but not by STIM1 proteins (Fig. 3 ). TRPC3-containing I NS channels (39) are activated by STIM1 but not by STIM2 (Table 1, Fig. 2C ). This is in agreement with data that STIM2 has no effect on TRPC3-mediated calcium entry (58) . Finally, I max channels consisting of TRPC1 proteins are regulated by both STIM1 (51, 52) and STIM2 proteins (Table 1, Fig. 2B ). However, our results show that I max channel activation is slow when induced by STIM2. This is in agreement with data on activation of Orai channels by STIM proteins (55, 67), which show that STIM2 is a slower and weaker activator, when compared with STIM1.
Whole-cell data are in agreement with single-channel recordings. Overexpression or knockdown of STIM proteins changes the reversal potential and shape of whole-cell current-voltage relationship, indicating the different roles of STIM1 and STIM2 proteins in the regulation of various store-operated channels. Overexpression of STIM2 increases selectivity and amplitude of whole-cell currents due to the appearance of additional Tgactivated I min channels. Based on the changes of the shape of current-voltage relationships, STIM2 knockdown seems to increase the activity of CRAC channels. Due to remarkable low single-channel CRAC conductance (2), we could not verify this supposition in single-channel experiments. This intriguing result requires further investigations.
As shown previously, different store-operated channels can coexist in the cell (2, 56) , and different agonists cause activation of different STIM proteins (17) . In this study, we have revealed that STIM1 and STIM2 proteins differ in potency for activating different store-operated channels ( Fig. 3 ; Table 1 ) and therefore can exert additional regulatory control on store-operated calcium entry. Taken together, all these factors allow the cell to produce a broad spectrum of calcium signals and downstream responses. Further studies are needed to gain an insight into molecular mechanisms underlying differences in the activation response of individual store-operated channel types to STIM proteins.
